Abstract Rock slope geometry and discontinuity properties are among the most important factors in realistic rock slope analysis yet they are often oversimplified in numerical simulations. This is primarily due to the difficulties in obtaining accurate structural and geometrical data as well as the stochastic representation of discontinuities. Recent improvements in both digital data acquisition and incorporation of discrete fracture network data into numerical modelling software have provided better tools to capture rock mass characteristics, slope geometries and digital terrain models allowing more effective modelling of rock slopes. Advantages of using improved data acquisition technology include safer and faster data collection, greater areal coverage, and accurate data geo-referencing far exceed limitations due to orientation bias and occlusion. A key benefit of a detailed point cloud dataset is the ability to measure and evaluate discontinuity characteristics such as orientation, spacing/intensity and persistence. This data can be used to develop a discrete fracture network which can be imported into the numerical simulations to study the influence of the stochastic nature of the discontinuities on the failure mechanism. We demonstrate the application of digital terrestrial photogrammetry in discontinuity characterization and distinct element simulations within a slate quarry. An accurately geo-referenced photogrammetry model is used to derive the slope geometry and to characterize geological structures. We first show how a discontinuity dataset, obtained from a photogrammetry model can be used to characterize discontinuities and to develop discrete fracture networks. A deterministic threedimensional distinct element model is then used to investigate the effect of some key input parameters (friction angle, spacing and persistence) on the stability of the quarry slope model. Finally, adopting a stochastic approach, discrete fracture networks are used as input for 3D distinct element simulations to better understand the stochastic nature of the geological structure and its effect on the quarry slope failure mechanism. The numerical modelling results highlight the influence of discontinuity characteristics and kinematics on the slope failure mechanism and the variability in the size and shape of the failed blocks.
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Introduction
High quality slate has been quarried at Delabole Slate Quarry, located in Cornwall, United Kingdom ( Fig. 1 ) for several centuries (Coggan and Pine 1996) . The Delabole Slates are fine-grained, greenish grey quartz-chlorite-sericite slates with small, oval-shaped pyrite spots that are interbedded with limestone parting and coarser arenaceous beds (Freshney 1972) . The Delabole Slates lay within the Tintagel Succession; specifically, the Delabole Member within the Tredorn Slate Formation (Selwood et al. 1998) . The Delabole Member is a lenticular body which has an arcuate outcrop shape around the Davidstow anticline. Three phase of deformation (D 1-3 ) have been recognised.
The first is a ductile folding episode followed by thrusting and shear folding, overprinted by extensional features (Selwood et al. 1998) . The South West region of the United Kingdom lies on the northern fringes of the Variscan Orogen, a mountain building episode which occurred during the Devonian and early Carboniferous. Consequently, the stratigraphy of the region was divided by a series of complex folds and thrusts and the intrusions of several granite plutons.
The stratigraphy of North Cornwall was controlled by extensional half-grabens, in which thick basinal sequences accumulated during the Devonian and Carboniferous. The area around the Delabole Quarry was positioned on the southern edge of the continental mass of Laurasia, a region known as Eastern Aralonia. Sedimentation occurred on the edge of the continental crust in response to intra-shelf basin development. According to Selwood et al. (1998) later faulting that cuts across all the Variscan features, are also observed within the area. The metamorphic history of North Cornwall (the Tintagel High Strain Zone) is influenced by anchizone and epizone metamorphisms and contact or thermal metamorphisms due to the intrusion of the Bodmin Moor granite to the south east (Selwood et al., 1998) . Anchizone metamorphism is a transitional zone between diagenesis and true metamorphism where mineral assemblages include illite and chlorite. Epizone metamorphism is characterized by low temperatures and intense deformation.
The quarry is approximately elliptical in plan: 700 m in length (north-south direction), 400 m in width (west-east direction) and 150 m in depth. The overall slope angle varies throughout the pit: 28°at north-east, 40°at east and 50°at north (Shillitto 2013). Coggan and Pine (1996) provided a brief overview of the geology of the quarry and detail of previous discontinuities that have been identified within the quarry slopes. Prominent discontinuities have been given local names by the quarrymen (e.g., Floors, Shortahs and Grain).
Current production at the quarry is limited to the north-east region, where 4-10 m high near-vertical benches are formed by diamond impregnated wire sawing (Fig. 2) . This excavation technique results in minimal damage to the slate, thereby increasing product recovery. In view of limited rock mass damage the quarry provides an excellent site for investigating rock mass characteristics and potential for discontinuity-controlled instability without having to evaluate the detrimental effects of blast-induced damage to the rock mass. The quarry is currently undertaking a push-back on the upper benches of the north-east region in order to provide access to high quality slate in the central and lower sections of the slope. This is being undertaken using mechanical excavation, with waste material being placed within the west and south regions of the quarry.
Evidence of the potential for discontinuity-controlled instability on the north-east slope can be seen in Fig. 3 , which shows an image of a recent 50 m wide and 13 m high planar failure on an upper bench. Crack opening was observed by the quarrymen at the crest of the bench during regular inspection and the unstable section safely removed. The basal surface of the failures shown in Fig. 3 is provided by Floors with lateral release surfaces provided by Shortahs and Grain. The failures highlight the three-dimensional nature of the potential failure due to blocks formed by the discontinuities and the influence of benchface orientation on the likelihood for instability.
Previous geological engineering surveys have highlighted the controlling influence of discontinuities on both the stability of the quarry and quarrying operations (Clover 1978; Coggan and Pine 1996; Costa et al. 1999 ). Coggan and Pine (1996) analysed the 1967 failure of the west slope and showed that the failure was controlled by the interaction of several distinct blocks and suggested a progressive multi-block failure with some degree of block rotation and translation. Costa et al. (1999) carried out a slope stability investigation of the north-east slope to demonstrate the significance of key discontinuities on potential for translational failure. This investigation primarily involved kinematic analysis of specific slope orientations and the use of two-dimensional distinct element modelling with UDEC (Itasca 1997) . Previous laboratory direct shear strength tests on several discontinuities from Delabole Slate Quarry, reported in Brown et al. (1977) , show that the shear strength of clean surfaces are controlled by water and surface roughness. The average friction angle on smooth wet surfaces is 20.5°, which is up to 9°less than that of the same surfaces when dry. Surface roughness, however, can add up to 40°to basic friction angles. Brown et al. (1977) also showed that surface roughness features of discontinuities vary markedly with direction and the nature of the discontinuity, giving rise to a wide range of possible shear strengths. Iron staining of discontinuities surfaces causes small increases in friction angles.
We highlight the use and application of several techniques for three-dimensional simulation of the potential for failure of the north/north-east slopes using a combination of:
• Digital data acquisition and subsequent analysis of the point cloud data.
• Wedge failure analysis incorporating a basal failure surface. • Application of three-dimensional distinct element modelling to undertake a sensitivity analysis on the key input parameters controlling stability of the modelled slope.
Numerical modelling results are presented to show the effects of discontinuity spacing, persistence and shear strength on model behaviour. The procedure for the development, validation and incorporation of a discrete fracture network into a three-dimensional distinct element rock slope model is also outlined.
Methodology
Three-dimensional simulation of rock slopes must consider the complexities related to the interaction of 3D slope geometry and true discontinuity set orientations. Slope geometries may often be oversimplified within 3D numerical simulations with little consideration of the potential effects of confinement, slope kinematics, slope curvature and release surfaces. Discontinuities are usually represented deterministically without accounting for uncertainty and spatial variability which represent inherent characteristics of rock mechanics problems (Einstein and Baecher 1983) . Terrestrial remote sensing techniques (e.g., photogrammetry and laser scanning) now provide a convenient additional tool to help reduce these problems.
Photogrammetry and laser scanning provide (x, y, z) point clouds of the slope surface which can be used to build realistic 3D slope geometries. These methods also allow coverage of a wide range of the pit slope surface and the ability to acquire discontinuity databases remotely (Sturzenegger and Stead 2009a) . The remote sensing data provides key geotechnical information such as discontinuity orientation and length as well as the location of each joint measurement. The volume of data can be significantly greater both in terms of magnitude and the areal extent mapped compared to traditional geotechnical data mapping (Fekete and Diederichs 2013) . The acquired discontinuity data can be used to develop stochastic discrete fracture networks (DFN's) for more realistic representation of discontinuities.
Application of remote sensing methods for discontinuity mapping has increased significantly in the last decade. Coggan et al. (2008) , for example, provided a detailed comparison between the results of conventional hand mapping, terrestrial photogrammetry and laser scanning data (including discontinuity orientation and trace length) for rock mass characterisation. Oppikofer et al. (2009) used terrestrial laser scanning for the structural mapping of the inaccessible main scarp of Å knes rockslide in western Norway. Sturzenegger and Stead (2009b) provided a comprehensive evaluation of terrestrial photogrammetry and laser scanning for discontinuity characterization and presented practical recommendations for optimizing the use of these techniques. Sturzenegger and Stead (2009a) combined terrestrial photogrammetry with laser scanning to generate a 3D model of the South Peak of Turtle Mountain, Alberta, Canada. Firpo et al. (2011) used photogrammetric techniques to obtain geometrical and structural setting of a quarry located in the Carrara Marble District for subsequent distinct element modelling. Tuckey (2012) used photogrammetry and laser scanning to characterize discontinuities in three large open pits (Jwaneng diamond mine, Botswana; Diavik diamond mine, Canada; Highland Valley copper mine, Canada) and one natural rock slope (Stawamus Chief, Canada). Eyre et al. (2014) showed the application of laser scanning in providing geometrical inputs for subsequent rockfall analysis. These techniques have also been applied to characterize rock masses underground. Styles et al. (2010) and Preston et al. (2014) used digital photogrammetry to characterize brittle fracture in mine pillars and conducted repeated time-lapse photogrammetry of hard rock pillars in order to characterize changes and damage in rock masses with time.
Discrete fracture network (DFN) generators such as FracMan (Dershowitz et al. 2014 ) and FracSim3D (Xu and Dowd 2010) can provide a more realistic representation of fractured rock masses. Discrete fracture networks have been used in a wide range of geomechanical problems (e.g., large open pits, tunnelling, block caving, reservoir geomechanics, etc.). Elmo and Stead (2010) incorporated a discrete fracture network within the FDEM code, ELFEN (Rockfield 2009) , to realistically simulate the behaviour of fractured rock pillars. Vyazmensky et al. (2010) used a combined FDEM/DFN modelling approach to investigate the pit wall instability triggered by caving operations at Palabora mine, South Africa. In order to define a fracture network to represent a natural joint system, at least three sets of parameter are required (Elmo 2006 ):
• Fracture size distribution.
• Fracture orientation distribution.
• Fracture density.
For flow simulations, fracture transmissivity and aperture should also be defined (Rogers et al. 2006) . DFN generator codes such as FracMan consider different parameters (such as areal intensity P 21 and volumetric intensity P 32 , Dershowitz et al. 2014) to represent the degree of fracturing in a rock mass. P 21 and P 32 are defined as the cumulative length of fractures per unit area and the cumulative area of fractures per unit volume, respectively. Rogers et al. (2014) highlighted the importance of the volumetric fracture intensity parameter, P 32 , in DFN generation as this property represents a non-directional measure of rock mass fracturing, incorporating both fracture frequency and fracture size. They showed that the P 32 property strongly controls rock mass geomechanical properties such as fragmentation, block size and stiffness.
In this study, we use the three-dimensional distinct element code 3DEC v. 5. 0 (Itasca 2014a) to investigate the stability of the north/north-east walls of Delabole Quarry. Figure 4 illustrates the methodology adopted. Terrestrial photogrammetry is performed at the site in order to characterize the rock mass. The point cloud derived from the terrestrial photogrammetry is used to reproduce a realistic 3D slope surface geometry for a section of the north/northeast face which is then incorporated into the numerical simulations using 3DEC. Discontinuity mapping is also performed using the photogrammetry model, allowing development of a realistic discrete fracture network which can be integrated within the 3DEC simulations. The FracMan DFN code is used to determine the statistical parameters that represent the joint sets (i.e., orientations, length and volumetric fracture intensity parameter, P 32 ).
Digital Data Acquisition
In 2012, laser scanning of the quarry was undertaken using a Leica TM ScanStation C10. Strategically placed High Definition Surveying targets and four multi-set-up scan locations were employed to capture the three-dimensional geometry of the north-east face to minimize occlusions (Fig. 5) . In order to provide later geo-referencing of the scan, differential GPS was also used during the survey with compatible Leica TM SmartScan antennae. Point cloud registration and geo-referencing was performed by Leica TM Geosystems using Leica TM Cyclone software (Leica Geosystems 2010), . In 2014, terrestrial photogrammetry was also performed on the north/north-east slopes using a Canon 7D digital camera with a 200 mm focal length lens. The distance between the slope face and camera stations range from 150 to 450 m. The photographs were taken using five camera stations from the bottom of the pit in order to minimize occlusion (Fig. 5) . The base-distance ratio (the distance between the two camera stations/the average distance to the slope face) was set to 1:5 in order to maximize the calculated distance accuracy. All photographs were processed using the Adam Technology 3DM Analyst software suite (ADAM Technology 2014) including 3DM CalibCam, DTM Generator and 3DM Analyst. In order to geo-reference the photogrammetry model, control points were selected on the LiDAR model and included within the photogrammetry model. The point cloud obtained from the photogrammetry model served as an input (to generate the slope geometry) for the subsequent slope stability analysis. The final 3D photogrammetry model and x, y, z, point cloud were then used to map the discontinuities within the pit and to create the 3D slope geometry. Discontinuity surfaces are extracted from the photogrammetry model by fitting a disk to a selected part of the point cloud (Fig. 7a) . The disk is defined by some key information including a vector normal to the plane, origin (x, y, z) and radius. Structural mapping was conducted on the photogrammetry model and all the mapped discontinuities were imported into Dips v. 6. 0 (Rocscience 2014) for discontinuity orientation analysis. Figure 7b shows a lower hemisphere equal angle contoured pole plot of the identified discontinuities. Three discontinuity sets (Floors, Grain and Shortahs) were identified within the slope face. Floors dominate the stability of the north-east slope and are associated with numerous low-angle reverse faults which are also responsible for the thickness of the slate in the quarry (Freshney 1972) . The remotely captured orientation data compares favourably with previous conventional mapping of discontinuities at the quarry (Table 1) . The discontinuity data from the photogrammetry model (including orientation, location and size) were processed in order to build a representative discrete fracture network. The FracMan code was used to derive the statistical parameters associated with the trace length, orientation as well as the volumetric fracture intensity, P 32 . The steps undertaken to generate discrete fracture networks for the Delabole Quarry slope are explained below.
Discontinuity Trace Length
Discontinuity persistence is typically a key factor in the stability of slopes, yet it is one of the most difficult discontinuity properties to measure. Often long discontinuity traces extend beyond the visible exposure of the rock slope surface; therefore, one or both ends of the discontinuity are not visible (Sturzenegger et al. 2007 ). Therefore, trace length is normally considered as an indication of discontinuity persistence. Values of trace length typically display a negative exponential, power law or log normal distribution, whereby the frequency of very persistent discontinuities is much less than that of less persistent discontinuities (Priest and Hudson 1981; Cai 2011 ). Elmo (2006 used log normal distributions to describe fracture size distributions from the 2D mapped trace length at the Middleton mine, Derbyshire, UK. In this study, the Log Normal distribution was found to provide a good fit to the discontinuity trace length data. Figure 8 shows the Log Normal fits assigned to the cumulative distribution function (CDF) plots of trace length for each discontinuity set in order to determine the corresponding trace length distributions. A summary of the statistical parameters that describe the log normal distribution of the three discontinuity sets is provided in Table 3 .
Discontinuity Orientation
In order to determine the statistical distribution associated with the orientations of the discontinuity sets, the ''Interactive Set Identification System'' module within the code FracMan is used. This module defines fracture sets from mapping data using an adaptive probabilistic pattern recognition algorithm (Dershowitz et al. 2014) . The algorithm defines the orientation distribution for the fractures assigned to each set, and then reassigns fractures to sets according to probabilistic weights proportional to their similarity to other fractures within the set. The orientations of the sets are then recalculated and the process is repeated until the set assignment is optimized (Dershowitz et al. 2014) . Using this approach, joint set orientation parameters were fitted to a Fisher distribution and the output parameters used to build a representative DFN. Table 3 shows the statistical parameters that describe the orientations of each discontinuity set.
4.3 Volumetric Fracture Intensity, P 32 P 32 is the preferred measure for fracture intensity for DFN simulation (Rogers et al. 2014) . Unlike P 10 and P 21 which can be directly derived from field data (using scanline and window mapping), P 32 cannot be measured in the field. Dershowitz and Herda (1992) proposed a linear correlation between P 21 and P 32 in order to determine P 32 from P 21 : Fig. 8 Cumulative distribution function of trace lengths for the three discontinuity sets (Floors, Grain and Shortahs) and log normal fit assigned to the data (each dot represents a discontinuity measurement and the lines show the log normal fit assigned to the data)
where C 21 is a dimensionless constant (constant of proportionality). The value of C 21 depends on the orientation and size distributions of the joint set as well as the orientations of the outcrop. It is possible to determine the P 32 corresponding to the mapped P 21 in the field by running a series of simulated models and using the fracture size and orientation distributions defined earlier. The basis for this simulated sampling methodology is described in Staub et al. (2002) and Elmo (2006) . Table 2 shows the areal intensity P 21 values for each discontinuity set as measured from the photogrammetry model, and the corresponding values of C 21 and P 32 calculated for the three discontinuity sets using the method described in Staub et al. (2002) . Note that the Floors discontinuity set has the highest P 21 value (0.14 1/m), while the Shortahs has the lowest value (0.02 1/m). A summary of the statistical parameters that describe the fracture network within the north/north-east slopes is provided in Table 3 . These parameters are subsequently used to generate multiple DFN realizations for integration within the 3DEC simulations.
Discrete Fracture Network Validation
Model validation is an important component of DFN engineering. Since the current DFN model used a simulated sampling methodology to determine fracture intensity P 32 (i.e., mapped data are already used in the simulated sampling process), validation is consequently limited to the fracture orientation and fracture size. Accordingly, orientations and trace length of the synthetic discontinuities are analysed and compared with the mapped discontinuities (Table 4 ). Figure 9 shows a lower hemisphere equal angle contoured pole stereoplot of one DFN realization of the three discontinuity sets. The orientations of the stochastically generated discontinuities (Fig. 9) compares favourably with the mapped discontinuities (Fig. 7b) .
In order to validate the log normal distributions assigned to the trace length of the three discontinuity sets, a fracture network associated with each discontinuity set is generated in FracMan (using the statistical distributions presented in Table 3 ). The trace lengths of the synthesized discontinuities on the slope face are then analysed and compared to the trace length analysis for the mapped discontinuities (Fig. 8) . Figure 10 shows the cumulative distribution function for the trace lengths generated using the DFN representing the three discontinuity sets. By comparing the range of trace lengths and percentages for the DFN model and the mapped discontinuities, it can be seen that the DFN model favourably reproduces the mapped discontinuities. 
Block Kinematic Analysis
Previous studies by Costa et al. (1999) highlight the potential for planar failure to occur on the Floors within the north-east slope depending on bench orientation and shear strength of the discontinuities. Observed instability (shown in Fig. 3 ) suggests that failure may also be influenced by potential lateral release surfaces provided by a number of discontinuities including both the Grain and Shortahs. A preliminary investigation of the kinematics of potential instabilities within the north/north-east slopes was undertaken using Swedge v. 6. 0 (Rocscience 2014) . Within the Swedge model, the Floors discontinuity was considered as a basal failure surface. This analysis examines the possibility of rock slope failure due to the unfavourable orientations of discontinuities. Considering the three discontinuity sets (Floors, Grain and Shortahs) within the model a wedge is formed (Fig. 11) . The mean values of the discontinuity set orientations (Table 3) are considered in the Swedge model. Shear strength properties within the model are based on the results of laboratory and field tests provided in Costa et al. (1999) for distinct element modelling of the north-east slope (Table 5) . Using the shear strength properties shown in Table 5 , the wedge is stable with a factor of safety equal to 1.7. Only when the friction angle of the basal surface is decreased to 20°does the model become unstable. When stability of the rock mass is controlled by displacements along discontinuities, a discontinuum model is the most appropriate tool to investigate the rock mass behaviour. In order to provide a better understanding of slope stability at Delabole Quarry, numerical modelling using the 3D distinct element code, 3DEC (Itasca 2014a) , has been performed. 3DEC has been successfully used to investigate the stability of rock structures in both underground and surface applications. For example, Gao (2013) used 3DEC to study the mechanism of roof failures in underground coal mine roadways. Fekete and Diederichs (2013) used combined laser scaning-3DEC modelling for underground rock mass characterization and stability analysis. Salvini et al. Fig. 9 Synthetic joint orientation data using the statistical parameters that describe the fracture system (Table 3 ) Fig. 10 Cumulative distribution function of trace length of the three discontinuity sets (Floors, Grain and Shortahs) generated using the using the statistical parameters described in Table 3 (2014) used a DFN-3DEC approach to investigate the stability of a quarry slope located in the Torano basin, Carrara, Italy. They used a combined terrestrial photogrammetrylaser scanning approach to collect discontinuity data within the quarry. Wolter (2014) used 3DEC to investigate the influence of block geometry and kinematics on failure mechanism of the 1963 Vajont Slide, Italy.
Distinct Element Simulation Approach
The data gained from the terrestrial photogrammetry of the quarry was used to build the geometry of the slope for 3DEC simulations. The mesh processing code, MeshLab (Cignoni and Ranzuglia 2014) was used to convert the geo-referenced photogrammetry point cloud to a 3D surface. This surface was then converted into a closed volume using the Rhinoceros code (McNeel 2014) . Finally, the closed volume was prepared for input into 3DEC using KUBRIX Ò Geo (Itasca 2014b) for the subsequent distinct element simulations. The model vertical lateral boundaries were fixed in the horizontal direction and the base of the model fixed in both the horizontal and vertical directions. A network of history points comprising five columns and six rows (30 points in total) was located within the model to monitor displacements and velocities throughout the slope simulations. Such an extensive slope monitoring method is designed to better understand the behaviour and stability of different parts of the modelled slope with increasing calculation time steps. In 3DEC, blocks can behave as either rigid or deformable with assumed stress-strain constitutive criteria (Cundall 1988 ). Due to the relatively shallow depth of the quarry (150 m) and the discontinuity-controlled nature of the observed instabilities, rigid blocks (with 2600 kg/m 3 density) were assumed in order to focus the investigation on the influence of block kinematics and the strength properties of discontinuities on potential failure mechanisms. Two different discontinuum approaches were used in this study:
1. The discontinuity sets from the stereonet analysis (Fig. 7b) were used to develop the geomechanical model and the effect of change in friction angle, spacing and persistence of the joint sets investigated through a series of parametric analyses. 2. Multiple realizations of discrete fracture networks were built based on the results presented in Sect. 4 and integrated within the 3DEC model.
Deterministic approach

Influence of the friction angle of the modelled basal surface (Floors)
Kinematic analysis using Swedge suggested that the potential for sliding on Floors is controlled by the discontinuity shear strength. Therefore, using a parametric analysis approach, the influence of the friction angle on the Fig. 11 a Swedge model illustrating a socket wedge formed by the three discontinuity sets (Floors, Grain and Shortahs); b a small scale discontinuity-controlled failure within the quarry slope stability of the slope was investigated in 3DEC. Three discontinuity sets were assumed within the model; however, only friction angle of the basal surface (Floors) was varied in the simulations. Shear strength and spacing of the joint sets are presented in Table 5 . Figure 12 shows 3DEC results for specific model runs with different friction angle values assumed for the Floors. It should be noted that all models were run for 200,000 calculation time steps. Based on the assumed slope geometry and discontinuity sets, model instability is considered in terms of localized and inter-ramp failure. With reduction in the friction angle of the Floors set from 31°to 26°, a minor failure simulated which is limited to the bench scale, involving block translational and block rotational modes of failure (as shown in Fig. 12a ). Further reduction in the friction angle, increases the extent of the simulated slope failure to the inter-ramp scale (Fig. 12b-d) . Block failures within the models occur through opening along Shortahs, lateral shear along Grain and sliding on the Floors discontinuity sets (Fig. 12d) . It is also evident that the north-east part of the simulated slope is more unstable than the north section. This is in good agreement with field observations, and emphasizes the controlling influence of discontinuity orientation relative to slope face orientation on potential instability. Since the dip direction of the Floors is within ±20°of the dip direction of the north-east slope, this part of the model is more susceptible to discontinuitycontrolled instability. The dip direction of the north part of the model, however, is significantly different from the Floors, resulting in increased stability within the model. Figure 13 shows the increase in displacements throughout the model at different calculation time steps. Each cell represents a history point located within the model as defined in Fig. 12a . The value within the cell represents the maximum horizontal displacement of the history point at the specified time step. The displacement values are colour-coded (with green representing low displacement values and red representing higher displacement values). This methodology provides improved visualization of both the extent and magnitude of displacements Fig. 12 a Location of the network history monitoring points; failure of 3DEC models with varied friction angle of the basal surface (Floors); a 26°, b 24°, c 22°and d 20°; e inset illustrating the failure mechanism, opening of Shortahs and shearing along Grain and Floors discontinuities throughout the slope simulation process in different parts of the slope. This ''spatio-temporal'' displacement plot clearly shows the development of instability zones within the north-east slope. Horizontal displacements in the models are compared and illustrated in Fig. 14 . From this it is evident that the instability within the models decreases with a reduction in the friction angle of the Floors joint set.
Influence of Discontinuity Set Spacing
A second series of 3DEC simulations was undertaken to investigate the effect of discontinuity set spacing on the potential slope failure mechanism. For these models, the friction angle of the basal surface was maintained at 22°. Four 3DEC models with increased spacing values were investigated. In these models, the original spacing values provided in Table 5 were multiplied by 2, 3 and 4 (Table 6 ). This was undertaken to maintain the observed in situ relative block size aspect/dimensions. With an increase in spacing value by a factor of two, failure occurs at the inter-ramp scale (Fig. 15b) . When the spacing value is multiplied by a factor of three, failure occurs at the bench scale only with a significant decrease in the number of blocks involved (Fig. 15c) . Individual block failures only occur in the north-east part of the slope. A further increase in spacing (when multiplied by four) results in no significant displacements within the model, and the model appears fully stable (Fig. 15d) . Plots of horizontal displacements versus calculation time steps also show an increase in the model stability with increase in assumed joint spacing, highlighting the influence of modelled block size on model behaviour (Fig. 16) .
Influence of Discontinuity Persistence on Modelled
Slope Behaviour
The effect of non-persistent discontinuities and intact rock bridges on the stability of rock slopes has been emphasized within the literature (e.g., Tuckey et al. 2012; Havaej et al. 2012) . Due to the inherent difficulties in the measurement of persistence, a parametric analysis assuming a range of persistence values may provide an improved understanding of the slope behaviour when discontinuities are not fully persistent (as often the case in rock engineering problems). In 3DEC persistence can be assigned to discontinuities as a probability that any given block lying in the path of a joint will be split (Itasca 2014a) . For example, if a persistence value equal to 0.9 (p = 0.9) is assigned to a discontinuity, then on average 90 % of the blocks will be split (Brideau et al. 2012 ) used this method to investigate the effect of persistence on the stability of a concave rock slope. In this section, we investigate the influence of persistence of the three discontinuity sets on the slope failure mechanism in the north-north east face of Delabole Quarry. The persistence value assigned to the basal surface is shown in Table 7 . Block movements for the model assuming a fully persistent basal surface (p = 1) were previously illustrated in Fig. 12c . Decreasing the p value to 0.8 significantly decreases the extent of failure particularly at the top of model (Fig. 17a) . The 3DEC slope model remains unstable at most of the benches (especially within the north-east section of the modelled slope). A further reduction in the scale of the failure is observed when the persistence value is further reduced to 0.6 (Fig. 17b) . Limited bench scale failure is observed when the p value is decreased to 0.4 (Fig. 17c) , and no unstable blocks are formed when the p-value is decreased to 0.2 (Fig. 17d) . The recorded horizontal displacements for all the persistence models are presented in Fig. 18 . Models 2-4 show a continuous increase in the recorded displacements while model 5 is stable with insignificant horizontal Fig. 15 The effect of change in the assumed discontinuity set spacing on the simulated 3DEC failure mechanism; a initial base model spacing, b 29, c 39 and d 49 spacing multipliers Fig. 16 Recorded horizontal displacements for the models presented in Table 6 , with varied joint spacing displacements, highlighting the controlling influence of modelled persistence on slope behaviour.
Stochastic Simulations Using Discrete Fracture Networks in 3DEC
Using the statistical parameters associated with the three discontinuity sets (Table 3) , we developed discrete fracture networks which were then incorporated within the 3DEC models. Due to the stochastic description of the joint system, each 3DEC model has a unique realization of discontinuities and therefore each generated DFN is slightly different. In this study four DFN realizations are generated and simulated in 3DEC (Fig. 19) . A visual comparison between the results of the DFN models and the previous deterministic models shows a similar type of failure mechanism with planar failure on the Floors and lateral release provided by the Grain and Shortahs. This highlights the detrimental effect of Floors on the stability of the model, particularly within the north-east part of the quarry. Figure 20 compares the block shapes and sizes in the stochastic models (Fig. 19) and the initial deterministic model (Fig. 12c) . While the failed blocks within the deterministic model are formed by tetrahedral and pentahedral wedges (ranging in size from 4 to 8 m), shapes of the failed blocks within the stochastic models vary from tetrahedral and pentahedral wedges to polyhedral and columnar blocks (ranging in size from 1 to 10 m). This provides an improved indication of the in situ variability of block shapes and sizes observed in the north-east slope of the quarry. Similar to the deterministic models, the majority of the failed blocks are located within the northern and north-eastern parts of the quarry slope. In order to better understand the stability of each DFN realization, using the same methodology as in Sect. 5.2.1 (Fig. 13e) , displacements throughout the models are recorded and presented using a colour coding approach (Fig. 21) . The displacement plot of realization 3 shows failure of only one history point while realizations 1, 2 and 4 show failure of several history points. It should be noted that due to the relatively large distances between the history points, some of the block failures (in between history points) may not by recorded by the history points. Realization 4 shows the highest displacement value (5.2 m) within the four realizations. Depending on the kinematics and relative orientation of discontinuities that surround a failing block, different failure behaviour may occur. In order to further our understanding on the failure mechanism of the failed blocks, inverse numerical velocity and horizontal displacement plotted against time steps can be used. This ''inverse velocity'' method is often used in displacement monitoring practices to predict the time of failure. Using this method the stability of a moving slope is assessed by defining if monitored velocity data indicates that the slope movement is regressive or progressive (Zavodni and Broadbent 1980; Mercer 2006; Dick et al. 2013) . A regressive movement is periodic deceleration of the slope leading to a stable slope while a progressive movement displays accelerating displacements leading to slope collapse. In this method, the point at which the behaviour of the slope changes from regressive to progressive is called ''onset-of-failure''. Figure 22 compares inverse numerical velocity plots for realization 1 (history point 23) and realization 2 (history point 17). The onset-of-failure in the 3DEC model coincides with the point at which the inverse velocity plot starts approaching zero and subsequent displacements continuously increase. Although the onset-offailure for both models occurs at 10,000 calculation time steps, the progressive part of the two plots exhibit two distinct behaviours. The horizontal displacement plot of realization 1 exhibits a relatively smooth increase and the inverse velocity plot shows a relatively smooth decrease towards zero indicating the complete kinematic freedom of the failing block. In realization 2, however, the downward Figure 23 explains the clear differences in the failure mechanism and inverse velocity plots of the failing blocks in realizations 1 and 2. Due to their kinematic freedom, the failing blocks in realization 1 are continuously moving out of the slope while the movements of the failing blocks in realization 2 are slowed and constrained by confinement and interlocking caused by displacements of the neighbouring blocks. This inter-relation between slope failure, kinematics and inverse velocity plots has been previously observed in numerical simulation of natural and engineered slopes using Slope model (Itasca 2010) , a 3D brittle fracture code (Havaej et al. 2014 (Havaej et al. , 2015 .
Conclusions
Digital data acquisition has been successfully used to collect discontinuity characteristics for the north-east slope of Delabole Slate Quarry. Using this technique, we were able to produce an accurate dataset which includes key discontinuity properties such as orientation, trace length and the location of each discontinuity measurement. This extensive dataset was then used to statistically describe the variability of discontinuity orientation, length and intensity through development of discrete fracture networks. Incorporation of these DFNs into a realistic 3D slope geometry of the Delabole Quarry developed from the photogrammetry point cloud, helped to better understand the influence of discontinuity variability, kinematics and slope curvature on the potential failure mechanism of the rock slope.
Stereonet analysis of the remotely captured orientation dataset resulted in identification of three discontinuity sets (Floors, Shortahs and Grains). Mean dip and dip direction of the three discontinuity sets agrees favourably with previous hand mapping undertaken at the quarry. Swedge analysis, using the newly-released basal wedge emphasized the potential for sliding on Floors with lateral release surfaces provided by both Shortahs and Grain, agreeing with field observations. Deterministic 3DEC simulations were initially used to investigate the influence of the three discontinuity sets on the stability of the slope face. A series of parametric analyses considering the influence of friction angle, spacing and persistence of the discontinuities on model behaviour was conducted. The results highlighted the critical role these parameters have on potential for instability, and the probable extent of modelled failure in the north-east slope at Delabole.
Stochastic simulations, using a combined 3DEC-DFN approach, showed a broader range of failed block shapes and sizes within the modelled rock slope (Fig. 20) . This better captures the observed variability of block failures within the north-east slope of the Delabole Quarry. Both the deterministic and stochastic models showed instabilities in the north/north-east part of the slope while the north-west part was more stable.
Application of a spatio-temporal displacement analysis provides considerable potential for improved understanding of the behaviour of rock slope deformation. Application of the inverse velocity approach (commonly used in displacement monitoring practices) provided a better understanding on the modelled failure mechanisms of the failed blocks. It also helped to determine the numerical onset-of-failure. This is particularly important since failure in a numerical model is often associated with selected but somewhat arbitrary displacement values. The onsetof-failure method provides a more rigorous methodology to define the numerical time of failure within the simulations.
